In 1733, the Rev. Stephen Hales cannulated the carotid artery of a supine but unanesthetized horse and connected it, using the wind pipe of a goose, to a vertical glass tube. The blood rose to a level of 9 feet 6 inches-or ~213 mm Hg-one of the first direct measurements of the blood pressure (BP). Multiple developments in both direct and indirect BP measurements that followed over the years have been elegantly summarized in a monograph by Geddes in 1970 1 and in a detailed history of the BP measurement by O'Brien and Fitzgerald in 1994. 2 Among these developments were the description of the airfilled occluding arm cuff by Riva-Rocci 3 and the auscultatory sounds by Korotkoff. 4 For the many years that followed, the wealth of information available from the entire arterial pulse was limited to the systolic (SBP) and diastolic blood pressure (DBP) along with calculation of the mean blood pressure (MBP) and pulse pressure (PP). Despite these limitations, the widespread use of the auscultatory method for the indirect measurement of the brachial artery (BA) BP has been of inestimable value in the diagnoses of hypertension, hypotension, the effectiveness of antihypertensive therapy, and the assessment of cardiovascular (CV) risk. Reliance on the values of SBP and DBP generated by this technique has led to increasingly sophisticated epidemiological studies and improved classifications of hypertension severity. Its world wide and long term use has lent an aura of respectability and infallibility to the BP that is unchallenged perhaps, by no other clinical measurement.
STATE OF THE ART
In 1733, the Rev. Stephen Hales cannulated the carotid artery of a supine but unanesthetized horse and connected it, using the wind pipe of a goose, to a vertical glass tube. The blood rose to a level of 9 feet 6 inches-or ~213 mm Hg-one of the first direct measurements of the blood pressure (BP). Multiple developments in both direct and indirect BP measurements that followed over the years have been elegantly summarized in a monograph by Geddes in 1970 1 and in a detailed history of the BP measurement by O'Brien and Fitzgerald in 1994. 2 Among these developments were the description of the airfilled occluding arm cuff by Riva-Rocci 3 and the auscultatory sounds by Korotkoff. 4 For the many years that followed, the wealth of information available from the entire arterial pulse was limited to the systolic (SBP) and diastolic blood pressure (DBP) along with calculation of the mean blood pressure (MBP) and pulse pressure (PP). Despite these limitations, the widespread use of the auscultatory method for the indirect measurement of the brachial artery (BA) BP has been of inestimable value in the diagnoses of hypertension, hypotension, the effectiveness of antihypertensive therapy, and the assessment of cardiovascular (CV) risk. Reliance on the values of SBP and DBP generated by this technique has led to increasingly sophisticated epidemiological studies and improved classifications of hypertension severity. Its world wide and long term use has lent an aura of respectability and infallibility to the BP that is unchallenged perhaps, by no other clinical measurement.
Without diminishing the past contributions and the present value of the indirect BP measurement, it may be time to revisit its shortcomings and therefore re-evaluate its usefulness as a CV risk predictor. This paper also reviews recent efforts to improve the arterial BP measurement and how the arterial pulse wave form can be further analyzed to provide CV risk prediction in addition to that of BP alone.
The STandard auSculTaTory MeThod
The present standard technique for indirect BA pressure measurements has been well described 5 and validated against the "gold standard" of intra-arterial measurements. 6 Although these comparisons are not trouble-free, the Association for the Advancement of Medical Instrumentation (AAMI) in its American National Standard 6 summarized the results of 173 subjects in five studies that validated the cuff/stethoscope method against the intra-arterial method. For SBP, the average differences between the two methods in the five studies ranged from 0.9 to 12.3 mm Hg with standard deviations that ranged Measurement of the arterial blood pressure (BP) is a time-honored, vital piece of medical information whose accuracy is seldom questioned. This review identifies the unappreciated weakness of the early validation data that compared the cuff to intra-arterial BP's. unfortunately, the inaccuracy of the auscultatory systolic (SBP) and diastolic (DBP) measurements are necessarily transmitted to the arithmetically calculated mean (MBP) and pulse pressures (PP). The errors in cuff SBP have limited recent efforts to measure central SBP noninvasively because of the need for cuff pressure calibration of the recorded peripheral pulses. Furthermore, cuff DBP's routinely overestimate intra-arterial values adding to the error in the calculation of central PP-a recognized cardiovascular risk predictor.
Validation data for the newer automatic oscillometric SBP and DBP measurements are little better. Oscillometric devices, however, offer some improvement in their recognition of the MBP, a measurement made independently of the SBP and DBP. The algorithms used to identify the SBP and DBP by the oscillometric device manufacturers are proprietary and differ from one another. Thus, the accuracy of the commercial devices cannot be compared or standardized. A data base listing those devices that have been "validated" against the inaccurate auscultatory method is available, but many commercial devices are not listed.
In addition to the SBP and DBP, there is increasing interest in the information contained within the arterial and aortic pulses. Values such as pulse augmentation and amplification ratios are independent of calibration requirements and add risk assessment information beyond that of the BP itself. (Figure 1 ). For DBP, the average differences ranged from 8.3 to 18 mm Hg with standard deviations that ranged from 1.1 to 9.3 mm Hg (Figure 2) . The wide range of pressure differences and standard deviations suggest a lack of uniformity among the studies, in how they applied the "standard method. " Because there is no better alternative for indirect BP measurement, these unimpressive data have been accepted as appropriate validation for the cuff/stethoscope method and have supported the auscultatory method as the basis for clinical decision making for many years. But a critical look shows that the trusted cuff/stethoscope method is inaccurate. The reasons for the inaccuracy are multiple and include both observer errors and methodological errors. Some common observer errors are digit preferences, inattention, too rapid cuff deflation and hearing deficits. Methodological errors involve selection of a single beat for measurement when there are beat-to-beat variations in the pulses and sequential rather than simultaneous comparisons. A more inclusive list of these problems is available. 5 Since it is convenient, safe, and eliminates the mercury column, the automatic oscillometric technique is now gradually replacing the cuff/stethoscope method. Because the cuff/stethoscope method is also noninvasive, easy, safe, and permits the study of large numbers of patients when compared to the direct intra-arterial method, the AAMI chose to use the auscultatory, rather than the intra-arterial method, as the "gold standard" against which oscillometric devices were validated. Relaxation of the validation standard has permitted the comparison of SBP and DBP of many oscillometric devices from multiple manufacturers to the relatively inaccurate auscultatory method with resultant claims of "validation. " 7 The AAMI in reviewing "a large body of literature" recommends when comparing any new automatic device with the cuff/stethoscope method, average differences no greater than ± 5 mm Hg and standard deviations no greater than 8 mm Hg in groups of no less than 85 subjects. 6 Consideration of these criteria reveals that a few values may deviate as much as 20 mm Hg (mean difference of 5 mm Hg + 2 s.d.) from the standard pressure and still remain within approved validation limits. These criteria are retained in the AAMI's most recent publication. 8 In 1990 the British Hypertension Society also compared oscillometric device measurements against those generated from the inaccurate cuff/stethoscope method rather than the intra-arterial technique. 9 They justified this choice by arguing that the two methods measured different pressures, that the auscultatory method was used clinically and that intra-arterial validation was ethically unacceptable. Using the auscultatory method for validation, the oscillometric devices were graded as follows: grade A was met when 80% of the oscillometric values were within 5 mm Hg of the cuff/stethoscope values, grade B when 90% of the values were within 10 mm Hg, and grade C when 95% of the values were within 15 mm Hg of the cuff/ stethoscope values. In 1993, these standards were relaxed to: 60, 85, and 95% of the cuff/stethoscope values for Grades A, B, and C respectively. 10 In 2002, the validation procedures were re-visited by the Working Group on BP Monitoring of the European Society of Hypertension and then upgraded in 2010. 11 This group also chose to use the cuff/stethoscope method as the gold standard. They justified their choice by reasoning that the oscillometric values should be similar to those of the familiar auscultatory method, a method that oscillometry is gradually replacing. Their most recent validation procedures have become necessarily more complex but they still include averaging pairs of auscultatory BP's for comparison with automatic values and describe only pass/fail categories. To pass, 73, 87, and 96% of the automatic measurements must lie within 5, 10, and 15 mm Hg of the auscultatory values.
Keywords
Although the British and European criteria are described as more stringent than those of the AAMI, the data from all three systems indicate a degree of accepted inaccuracy that is seldom acknowledged. A discussion of the individual pressures follows.
SySTolic PreSSure
Generally, the AAMI 6 has described the intra-arterial BA SBP as 3-4 mm Hg higher than the auscultatory BA SBP. By ignoring this small difference, the auscultatory BA pressures have served as surrogates for aortic pressures. But, the peripheral SBP has been known for many years to be higher than it is in the central aorta. This peripheral pulse amplification results from progressive stiffening of the peripheral arterial walls, from progressive reduction of the arterial diameter and, most importantly, from reflected waves that amplify the peripheral SBP more than the central SBP (Figure 3) . To complicate matters, the magnitude of the peripheral/central SBP differences becomes smaller with aging as the central aortic walls stiffen. But even with aging, the peripheral SBP usually remains 5 mm Hg higher than the central SBP. Detailed explanations of this phenomenon have been well described. 12 But for purposes of calculating cardiac work, or assessing cardiac and central nervous system risk, it is desirable to know the central aortic SBP-the pressure against which the heart pumps and that seen by the cerebral vasculature-rather than the BA SBP. But, direct measurements of central aortic pressure are impractical for clinical work or epidemiological studies and other means to estimate central pressures noninvasively have been proposed.
There are four methods that hold promise for this purpose, but none are without problems.
1. The Syphymocor device (AtCor Medical, West Ryde, Australia) is commercially available and has been used in many large studies to provide estimates of central aortic SBP's with valuable results. [13] [14] [15] [16] Using this device, the radial artery is applanated with a high frequency transducer and these pulses calibrated using BA pressures (auscultatory or oscillometric). Stable radial pulses are then ensemble averaged and, using a generalized transfer function, converted to an aortic pulse with reported aortic SBP, DBP, and MBP. 17 When the radial pulses are calibrated with intra-arterial or aortic pressures, the predicted aortic pressures are similar to those directly recorded from the aorta. [18] [19] [20] However, when the radial arterial pulses are calibrated noninvasively with BA cuff pressures (as they would be in routine clinical use) the results are less reliable [21] [22] [23] since calibration errors are transferred in part to the predicted values. 24 Calibration is further complicated by applying BA SBP to radial pulses thus ignoring the estimated 6-8 mm Hg pulse amplification between BA and radial arteries. 25, 26 One report finds the predicted aortic values to be no more valuable than the cuff BA pressures alone. 27 2. Van Bortel et al. described a noninvasive method for recording the distension waves of the carotid artery. 28 These waves were similarly calibrated with BA cuff pressures and in 100 subjects the carotid pulses predicted the aortic PP with grade A accuracy (British Hypertension Society). The SBP and DBP were not evaluated. Although carotid distention waves are easier to record than applanated carotid pulses, to our knowledge, this technique has not been applied clinically. 3. The secondary systolic wave in the calibrated applanated radial pulse has been found to closely approximate the aortic SBP. 29, 30 This method proposes that the magnitude of the reflected systolic wave determines both the secondary radial wave and the aortic peak systolic pressure and that one can represent the other. These peaks are often visually recognizable on the radial pulse trace but in many cases, computer calculations are necessary to detect subtle changes in pulse slope needed to identify the second radial peak. This complexity may account for its infrequent clinical use. 4. Since the carotid and central aortic SBP's are similar, the carotid SBP could be used as a surrogate for the aortic SBP. The carotid SBP can be estimated noninvasively by applanating both the carotid and either the radial or brachial pulse. The peripheral DBP is measured using the cuff method and the MBP is calculated by integration of the applanated pulse. Since radial DBP's and MBP's are similar to aortic DBP and MBP, 30, 31 they are used to calibrate the applanated carotid pulse, thus permitting calculation of the carotid SBP and PP. Described in 1992, 32 this method has been used in numerous clinical studies with valuable results. [33] [34] [35] Although theoretically attractive and clinically feasible, the generated carotid SBP values have not been rigorously validated against directly recorded aortic pressures.
These methods to estimate central pressures are all indirect and require additional time, expertise, and money. Validation of their results against directly measured aortic values are mixed, all of which suggests that none are suitable at present for routine clinical use.
diaSTolic PreSSure
Initially, an elevated DBP was the preferred pressure for predicting target organ damage. But as therapy improved and the population aged, the predictive power of an elevated DBP was lost to the SBP. 36 In the general population, the SBP rises throughout life. The DBP also rises until age 50-60 after which it progressively falls because of progressive aortic stiffness. 37, 38 Later in life therefore, a lower DBP is an indicator of aortic stiffness and, along with an elevated SBP, increases the PP-an accepted predictor of CV risk. In contrast to the SBP, the peripheral DBP is not amplified and is within 2 mm Hg of the aortic DBP. 30, 31 Therefore, an accurate BA DBP should closely reflect the aortic DBP and would be very useful.
The early AAMI validation reported that the cuff diastolic pressure was consistently higher than the intra-arterial DBP 6 (Figure 2 ) and the largest difference was in patients with isolated systolic hypertension. 39 A more recent study 40 confirmed a 10 mm Hg overestimation of the aortic DBP by the cuff auscultatory DBP. The cuff DBP thus fails to faithfully sense the age related reduction in DBP-a matter of some concern, since coronary blood flow is largely dependent on the aortic DBP. Therapy of isolated systolic hypertension further reduces the DBP as well as the SBP, leading to a revived interest in the much debated "J curve. " Although controversial, concern about DBP reduction has led to the recommendation in Joint National Committee 7 that the cuff DBP be reduced no further than 55 or 60 mm Hg. 41 This seems reasonable since the aortic DBP may be 10 mm Hg or more lower.
Thus far however, hope that the oscillometric DBP will be more accurate than the auscultatory DBP has waned since several recent studies have shown that oscillometric BA DBP's perform no better than auscultatory DBP's in predicting aortic or intra-arterial values. 21 ,27,42
PulSe PreSSure
Since SBP's and DBP's from previous validation studies are readily available, it is unclear why none of the agencies have published validation data for the PP. Considering that the auscultatory SBP underestimates and the auscultatory DBP over estimates the intra-arterial pressures, the auscultatory PP's should be systematically lower than the intra-arterial values. This supposition has been confirmed. 40 If, as has been shown, the BA PP is a valuable CV risk predictor, [43] [44] [45] [46] it seems likely that the central PP should be even better and that the difference or ratio between peripheral and central PP (pulse amplification) might be the best. 40, 47 
Mean Blood PreSSure
The MBP has found little use clinically, due in part to the fact that it is not measured and must be calculated when using the auscultatory method. But it has considerable physiological significance as the time weighted integral of the pressure pulse about which the SBP and DBP oscillate. The MBP is determined in large measure by the peripheral vascular resistance and when elevated, it is the primary hemodynamic abnormality in essential hypertension. The MBP has also been reported as a CV risk factor [48] [49] [50] [51] that shares importance with the better recognized PP. MBP is attractive since, like the DBP, it is not amplified and an accurate peripheral measurement should therefore closely reflect the aortic MBP. At the BA, the MBP is most often calculated as 1/3 the PP plus the DBP. Many alternative formulas for its calculation have also been proposed to improve accuracy. These include the use of a geometric MBP utilizing the square root of the SBP × DBP, 52 changing the correction factor from 0.33 to 0.4 53, 54 or keeping the 0.33 factor but incorporating the heart rate into the formula. 55 These alternatives face a common problem in that they all are calculated from, and are dependant on, measurement of the inaccurate auscultatory SBP and DBP. Furthermore, these formulas assume a constant arterial wave shape, but wave shape is known to vary, not only from patient to patient but from time to time in the same patient. 56 It is well known, for example, that the triangular arterial pulse wave becomes more isosceles in shape with aging. If wave shape is inconstant, then no arithmetic formula can always accurately predict the MBP in any patient at any given time.
A similar problem is present when the MBP is calculated from the integrated radial arterial pulse that is in turn dependent on cuff SBP and DBP calibrations. The errors in the radial artery MBP and cuff DBP are then transferred to the calibration of the carotid pulse when the calibrated carotid pulse is used to estimate the aortic SBP.
All may not be lost. The measurement of MBP by the cuff oscillometer is independent of the measurement of both SBP and DBP (vide infra) but is not free of problems. The usual device algorithm identifies the MBP as the lowest cuff pressure at maximum cuff oscillation, but maximum cuff oscillations may occur over a spectrum of cuff pressures. Nonetheless, this method appears free of many of the drawbacks of other MBP measurements and may offer the most reliable cuff estimate of the aortic pressure. 57 
riSk PredicTion
It is widely accepted that higher BA BP's confer higher CV risks, but there has been uncertainty regarding which of the four clinically recordable BP's offers the best risk prediction. DBP fell by the wayside as a predictor when Franklin et al. 36 in 2001, using the Framingham data base, showed that an elevated DBP began to lose its predictive value above age 50. Furthermore, in older patients, Franklin et al. 36, 45 and others 43, 46 have also shown that DBP is inversely related to CV risk-again implicating progressive aortic stiffness as a CV risk. BA MBP (steady pressure) has made a strong showing as a risk predictor, 48 -51 but appears to have been overtaken by PP (pulsatile pressure) as the best pressure predictor measured from the BA. [43] [44] [45] [46] More recently, estimates of central PP have been shown to predict CV risk better than BA PP. To this end, some groups have calculated aortic pressures using the Sphymocor device [13] [14] [15] [16] and others by estimating carotid PP. 33, 35 But the most persuasive evidence favoring central over peripheral PP for risk prediction was published by Jankowski et al., 40 who measured aortic pressures directly. This entire topic has been extensively reviewed. 47, 58 However, adoption of central PP as a risk predictor to influence therapeutic decision making in routine clinical practice has not yet occurred.
oScilloMeTric BP MeaSureMenTS
Commercially available devices to measure the BA BP have been available since the 1970's and have been steadily replacing the auscultatory method and the open mercury columns. Their popularity is based on avoidance of the problems of auscultation, ease of use and confidence that the digital displays are accurate. But the detection of SBP and DBP by oscillometry is an engineering challenge. The device must be able to detect small pressure changes within the cuff (oscillations) simultaneously over a spectrum of much higher cuff pressures necessary to compress the artery. Of the three displayed pressures, the MBP is the most accurate and the most uniformly measured by the manufacturers (vide supra). In principle, the SBP is detected by an increase in oscillation amplitude as blood first flows past the deflating cuff. Similarly, DBP is recognized when cuff oscillations return to baseline. Recognition of the cuff pressure at the arterial SBP and DBP therefore requires the detection of some change in the oscillations at these points. Such changes include increase or decrease in the oscillation amplitude, rate of change of the amplitude, change in the wave form of the oscillations, some preselected change in oscillation amplitude, etc. But, there is no standardized algorithm for identifying either the oscillometric SBP or DBP. Each device manufacturer has its own algorithm for BP detection, all are proprietary and unavailable for independent study. 7 Other problems with the measurement include errors related to irregular cardiac rhythms, variations in the rate of cuff deflation, volume of air within the cuff, and compressibility of the BA. Because of the difficulty in recording intra-arterial pressures, most oscillometric devices have also been compared to BA pressures obtained by the auscultatory method. "Validation" studies have been published for many of the devices but many have not, leaving the consumer uninformed regarding the accuracy of the unvalidated devices. Some rationality has been brought to this area by the establishment of an independent data base (www.dableducational.org), whose function was recently described by O'Brien and Atkins. 59 Validation data are submitted to the data base by the manufacturer that in turn compares their results to the requirements of the three validating organizations. If these requirements are satisfied, the device is listed in the table of approved devices. At this writing, there were 22 approved devices in the table of Automated Devices for Clinical Use. Unapproved devices are not on this list and many unvalidated devices are probably available commercially. A pulse simulator that makes available >200 arterial wave forms recorded from 124 patients has been described as an alternative to intra-arterial validation 60 but the authors believe that further development in this field is required before such a device can replace clinical trials. The field needs independent studies that compare the different device algorithms for accuracy so that a standard approach to oscillometric BP measurement can be established. With manufacturers competing for customers, such a study will be difficult to mount.
oTher aSPecTS oF BP recording
This review has focused on the measurement of the high and low points of the arterial pressure pulse-the SBP and DBP. Ease in making these two measurements has led to indifference to the additional information available from more complex analyses of arterial pulses. Measurement of the difference or ratio between peripheral and central SBP and PP allows for the calculation of pulse amplification, now recognized as a marker of CV risk. 35 The directly recorded or applanated pressure pulses, along with simultaneous flow pulses, can be subjected to Fourier analysis leading to the subsequent calculation of the characteristic impedance, a value that relates to the stiffness of the arteries through which the pulse travels. 61 Visually observed or computer detected changes in pulse upstroke can identify the arrival, amplitude, and timing of the wave reflected from the periphery. 58 The percent contribution of the reflected wave amplitude to the overall PP called the augmentation index is then calculable. All these measurements relate to aortic stiffness and are estimates of CV risk but all estimates would be improved by more accurate BP measurements from which they are drawn.
SuMMary
This review looks at how the peripheral BP is measured and points out the inaccuracies of the many methods involved. The lack of better alternatives has led to an uncritical acceptance of that which is readily available. The oscillometric method offers greater convenience but, at the moment, is probably no better than the auscultatory method which it is gradually replacing. Peripheral BP measurements must be more accurate before better noninvasive estimates of the central aortic pressures can be made. Newer information available from the arterial pulse wave will not replace the BP but it may improve risk estimations when added to that obtained from the BP itself. Korotkov sounds may be disappearing but a more accurate replacement is not yet apparent.
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